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Abstract 
Microstructure engineering provides an effective way to improve the vortex pinning via addition of nano 
precipitates in a superconducting matrix. Precise control of these nano precipitates, including their 
dimensions and alignment, is critical to obtain optimal pinning. DyBa2Cu3O7-x (DyBCO) films with 
BaZrO3 nano precipitates (BZO-NPs) were grown on biaxially-textured MgO buffer layers deposited by 
Inclined Substrate Deposition (ISD) on Hastelloy substrates. A critical current density (Jc) of 0.9 MA cm-2 
was obtained at 77 K in self-field. Orientation and size of the BZO-NPs were investigated using 
Transmission Electron Microscopy (TEM). The BZO-NPs were aligned along the (a,b)-plane of DyBCO 
and thus was greatly affected by the faceted geometry of the ISD MgO buffer layer. 
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1. Introduction 
For most large-scale, practical application of coated conductors, a high critical current (Ic) in the 
presence of high applied magnetic fields is required. The layered structure of YBCO (or DyBCO) 
provides sufficiently strong natural pinning for the fields applied in the ab-plane. These barriers, however, 
are ineffective for the applied magnetic fields parallel to the c-axis. In the last few years, particularly for 
the IBAD and RABiTS technologies a significantly enhanced Ic for high magnetic fields applied along the 
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c-axis were achieved by introducing columnar defects aligned along the c-axis of YBCO [1-2]. Recently, 
for a 2.0 μm thick single-layer YBCO film grown by the IBAD technique, a Ic of 1010 A/cm-w at 75.6 K 
in self-field and a minimum Ic of 234 A/cm-w at 75.6 K and at 1T were achieved  [3].  
Due to the tilted geometry (figure 1(b)), ISD grown DyBCO films showed significantly different Ic 
dependence on the angle between applied magnetic field and substrate normal. The maxima of Ic were 
found for the field applied along the ab-plane and not parallel to substrate as for other technologies  [4]. 
ISD grown DyBCO films showed reduced anisotropy in Ic, most probably due to high density of small-
angle faceted grain boundaries and dislocations. It is well known that defects such as vacancies, stacking 
faults, twin boundaries, low angle grain boundaries, dislocations, and precipitates act as natural pinning 
centers. In this work we report the microstructure of BZO doped DyBCO films grown by the ISD 
technology. 
2. Experimental 
MgO buffer layers were deposited on Hastelloy substrates at room temperature by the ISD technique 
i.e. by tilting the substrates with respect to the evaporation source. Subsequently, DyBCO films with 
BZO-NPs were grown by electron-beam evaporation of DyBCO powder with 3.5 wt% BZO addition. A 
more detailed description of the used setup and the deposition parameters are found in reference  [5]. A 
schematic drawing of the layer structure of the analyzed samples is shown in figure 1(a). A typical critical 
current density of 0.9 MA cm-2 at 77 K in self-field was measured inductively. 
TEM cross-section samples were prepared by mechanical grinding and polishing  [6]. Since we 
prepared cross-sections in special directions, the samples were punched out by overlapping the successive 
punches to retain the directional information (figure 1(c)). TEM plan-view samples were prepared by 
dimpling the sample down to 20 μm thickness, followed by ion-milling (Fischione 1010). 
TEM images and diffraction patterns were acquired in a Zeiss EM912Ω operated at 120 kV equipped 
with an in-column energy-filter and an Energy Dispersive X-ray (EDX) detector. All TEM images and 
diffraction patterns were acquired using a 10 eV energy slit aperture to reduce inelastically scattered 
electrons contributing to the image background. 
3. Results and discussion 
Figure 2(a) shows an energy-filtered bright-field image of the DyBCO top surface from a thick region 
in cross-section. The top surface of DyBCO was found to be wavy in shape, with a surface roughness of 
70 nm. Figure 2(b) shows a bright-field overview image of the DyBCO film in cross-section. Figure 2(c)  
 
 
Fig. 1. (a) Schematic drawing of the layer structure of the analyzed samples; (b) growth geometry of inclined substrate deposition; 
and (c) overlapped punches (notch formation) for cross-section and longitudinal-section for TEM specimen preparation to retain the 
directional information in the punched out circular disk. 
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Fig. 2. (a) Energy-filtered bright-field image of the DyBCO top surface of a thick region in cross-section; (b) overview bright-field 
image of the DyBCO film in cross-section; and (c) high magnification bright-field image of a DyBCO grain from the rectangular 
area shown in 2(b), showing the size and orientation of the BZO nano precipitates. Inset in 2(c) is a selected area diffraction pattern 
of the shown DyBCO grain. 
shows a high magnification bright-field image of a DyBCO grain enclosed by the rectangle in figure 2(b). 
Inset in figure 2(c) shows a selected area diffraction pattern of the DyBCO film shown in figure 2(b). 
DyBCO (00l) lattice fringes were observed (white lines in figure 2(c)). The c-axis of DyBCO was found 
to be tilted with respect to the substrate normal by an angle of 30°. We observed a maximum 
misalignment of 3° in the (00l) direction of DyBCO over several microns, i.e. grains formed small-angle 
grain boundaries. DyBCO grains were found to be 1000×300 nm2 in size in cross-section. 
BZO-NPs in the DyBCO matrix were identified by the translational Moiré fringe contrast (figure 2(c)). 
They were aligned along the (a,b)-plane instead of along the c-axis of DyBCO, as reported for the YBCO 
based coated conductors on a flat geometry. 
Figures 3a and 3b show a bright-field image and the corresponding g = (110) dark-field image of the 
sample in plan-view, respectively. Similar to cross-section, BZO-NPs in the DyBCO matrix were 
identified by the translational Moiré fringe contrast. A high magnification image of the BZO-NPs is 
shown in the inset in figure 3a. DyBCO grains were found to be 200-500 nm in size in plan-view. A high 
dislocation density of 1.8×1011 cm-2 was observed in the DyBCO film in plan-view. 
Inset in figure 3b shows a selected area diffraction pattern of the DyBCO in plan-view. A good in-
plane biaxial texturing was found in the DyBCO film, a maximum spread of 6° was observed in the (110) 
reflections of DyBCO in the diffraction pattern. 
Combined analysis, i.e. plan-view and cross-section confirmed that BZO-NPs grew in form of 
nanorods of 35 nm in length, 5-15 nm in diameter, and were separated by 10-20 nm from each other. 
EDX spectra were acquired at selected points of plan-view sample in the TEM and were quantitatively 
analyzed, the results are listed in table 1. Some of the spectra are shown in figure 4. A 1.7 at% Zr was 
observed in the DyBCO matrix. Dy-rich and Cu-rich secondary phases were observed in form of platelets 
along the (a,b)-plane and at grain boundaries of DyBCO. Remarkably, a significantly increased amount (5 
at%) of Zr was observed in the Dy-rich secondary phases at DyBCO grain boundaries. 
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Fig. 3. (a) Bright-field image; and (b) corresponding g = (110) dark-field image of the DyBCO film in plan-view. Inset in (a) is a 
high magnification image of the enclosed area; and in (b) is a selected area diffraction pattern of the DyBCO film. In both images 
the BZO-NPs could be identified by Moiré fringe contrast. 
We showed that BZO-NPs in ISD DyBCO were aligned along the (a,b)-plane and not along the c-axis 
as seen in majority of YBCO films grown by IBAD or RABiTS technologies  [1,2]. Therefore, these 
BZO-NPs will work as pinning only for the fields applied parallel to the (a,b)-plane of DyBCO. They will 
not help to improve the pinning for the fields applied along the substrate normal or along the c-axis of 
DyBCO, which is required to enhance the overall Ic for all field directions and to reduce anisotropy in Ic 
with respect to the direction of applied external magnetic fields. 
Table 1. TEM EDX quantitative analysis of the DyBCO film in plan-view. 
 Spectrum Dy [at%] Ba [at%] Cu [at%] Zr [at%] 
 k-Factor 2.304 2.050 1.457 2.967 
Matrix 
Spectrum  1 18.81 34.9 44.57 1.73 
Spectrum  2 19.29 34.6 44.34 1.76 
Spectrum  3 19.6 33.31 45.32 1.77 
Spectrum  4 19.8 33.59 44.94 1.67 
Secondary Phase Spectrum  5 48.82 28.29 17.87 5.02 
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Fig. 4. EDX spectroscopy results (TEM) in plan-view: point EDX spectra of (a) the DyBCO matrix (spectrum 3 in table 1); and (b) 
Dy-rich secondary phases observed at the DyBCO grain boundaries (spectrum 5 in table 1). 
 
The growth behaviour of BZO-NPs in ISD DyBCO can be understood by considering the growth 
mechanism of pure DyBCO films grown by the ISD technology reported by Aabdin et al.  [7]. The tilted 
or faceted geometry of ISD MgO buffer layer yields a non-zero component of DyBCO growth along the 
ab-plane of DyBCO.  The non-zero component and highly anisotropic nature of the DyBCO growth 
yields a kind of laminar (plane-by-plane) growth mechanism. That forced the BZO-NPs growth along the 
ab-plane. Note that for IBAD and RABiTS geometry for which the in-plane component is zero, only a 
normal component along the substrate normal exist, that forced the BZO growth along the substrate 
normal  [8]. 
4. Conclusions 
The microstructure of ISD grown DyBCO films doped with 3.5 wt% BZO were studied by TEM. 
BZO-NPs in the DyBCO matrix were identified by translational Moiré fringe contrast. The BZO-NPs was 
found to be grown in form of rods of 35 nm in length, 5-15 nm in diameter, and were separated by 10-20 
nm from each other. BZO-NPs were found to be homogeneously distributed in the DyBCO matrix in 
form of rods, aligned along the (a,b)-plane of DyBCO. The (a,b)-plane of the DyBCO itself found to be 
tilted by 30° with respect to the substrate. In other word, the c-axis of DyBCO enclosed an angle of 30° 
from substrate normal. A maximum misalignment of 3° in the (00l) direction of DyBCO was observed 
over several microns, i.e. grains formed only small-angle grain boundaries. A good in-plane biaxial-
texturing were observed in the DyBCO film. DyBCO grains were found to be 200-500 nm in size in plan-
view. In summary the BZO growth in ISD grown DyBCO has to be optimized, particularly, with respect 
to the BZO orientation to obtain optimal pinning in ISD based coated conductors. 
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